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Previous findings showed that Listeria monocytogenes exhibits higher heat
tolerance to thermal exposure at 60°C when pre-exposed to sublethal heat stress at 48°C
for 30/60 min. The objective of this study was to investigate the morphological changes
that occurred in L. monocytogenes serotype 1/2a cells as visualized by transmission
electron microscopy (TEM) after exposure to sublethal heat stress at 48°C for 60 min and
in combination with lethal concentration of carvacrol for 30 min. The TEM micrographs
revealed thickening of cell wall and cell membrane, and clumping of cytoplasm when
subjected to sublethal heat stress followed by carvacrol treatment. These studies indicate
that L. monocytogenes cells when adapted to heat stress may alter its morphology to
protect themselves against carvacrol. Further studies will investigate the effect of
increased contact time with carvacrol and with other essential oils on the ultrastructural
changes in L. monocytogenes cells adapted to heat stress.
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CHAPTER I
LITERATURE REVIEW

1.1

Importance of Listeria monocytogenes
Listeria monocytogenes is a serious food borne pathogen responsible for causing

food borne outbreaks of listeriosis with less than 1% reported cases of food borne illness
and 28% death in the United States. The genus Listeria is subdivided into six species
such as L. monocytogenes, L. ivanovii, L. innocua, L. welshimeri, L. seeligeri and L. grayi
based on DNA: DNA homology values, 16s rRNA, and DNA sequencing,
chemotaxonomic property, and multilocus enzyme analysis (Khelef and others 2006). It
is an intracellular, Gram-positive, non-spore-forming, facultative anaerobic, rod shaped
pathogen. This food borne pathogen is capable of growth at -0.4 and 50°C and catalase
positive and oxidase negative. Transmission of infection by this pathogen occurs via
consumption of contaminated food products and can occur in humans as bacteremia,
meningitis, and is known for its high mortality rate in neonates (10-50%) (Herbert and
Foster 2001, Pan and others 2006). L. monocytogenes comes from a variety of
environmental sources such as stainless steel, conveyer belt, packing materials, and
equipment surfaces during food processing (Pan and others 2006).
L. monocytogenes grows at a constant rate in the presence of sufficient nutrients,
optimal growth temperature, pH, oxygen level, and solute concentration. However, the
variations in these environmental conditions can adversely affect the maximum growth
1

rate of this bacterium. Stress adaptation is the mechanism that involves brief exposure of
a bacterial population to a suboptimal physical or chemical (growth) environment (Abee
and Wouters 1999). These stress factors include competition, metabolites produced by
other bacteria, and microbial antagonism. Other microbial stress factors include use of
brine, high hydrostatic pressure, ionizing radiation, pulsed electric fields, and UV
irradiation (Saldana and others 2011). Microorganisms are able to survive and remain
active under environmental stressful conditions by undergoing adaptation and
physiological acclimation mechanisms. They are able to alter allocation of resources from
their growth and survival pathways in order to develop tolerance to immediate stress
factors (Suzina and others 2004).
Sublethal exposure of microorganisms to heat, freezing, acid, and sanitizing
compounds can alter the metabolic activity of bacterial cells and cause microbial injury
(Donnelly 2002). This stress can also delay the bacterial growth process or prevent
microbial growth. Lethal or severe stress conditions can lead to irreversible damage to
microbial cells by targeting the cytoplasm and cell membrane (Donnelly 2002). The
ability of microorganisms to adapt to certain stress conditions enables them to develop
wider resistance to multiple lethal stress factors. This mechanism is known as cross
protection. Microorganisms rely on cross protection as a defense mechanism against
lethal stress factors experienced in various food preservation methods (RodriguezRomoand and Yousef 2005). In order to adapt to various environmental stress conditions,
L. monocytogenes can undergo morphological change and develop resistance to extreme
food processing stresses. It is critical to understand the mechanism associated with the
ability of microorganisms to adapt to certain stress conditions that enables them to
2

develop wider resistance to multiple lethal stress factors. Previous studies have
demonstrated that some strains of L. monocytogenes genes can be present in food
processing environment for extended periods of time exceeding more than 10 years (Pan
and others 2006).
1.2

Occurrence of heat stress adaptation in L. monocytogenes
Exposure of microorganisms to sub-lethal heat stress (heat shock) or temperatures

above optimal growth temperatures can help microorganisms to become more resistant to
subsequent heat treatment, which under normal conditions would have been lethal. This
condition to stress response is known as induced thermo-tolerance. Exposure of
microorganisms to sublethal stress conditions can alter the metabolic activity of bacterial
cells and cause microbial injury. However, food contamination from L. monocytogenes
often occurs due to post-processing contamination in food processing plants because
commercially applied heat treatment to food products such as meat in food processing
industries generally kills L. monocytogenes effectively enough to provide appropriate
safety. However, L. monocytogenes could survive in food processing plants in floor
drains, pasteurizers, air ducts, and processing equipment. This wide array of places it can
grow generally increases the likelihood of post-processing contamination of food
products.
Previous studies reported that D-value (the decimal reduction time: the time
interval required for one decimal reduction (90%) in the number of organisms surviving)
at 64°C for L. monocytogenes is 2.1 min, with a z-value (the temperature difference
required to change the D-value by a factor of 10) of 7.5°C. The major concern of thermotolerance to food industries is normally considered to foods that are exposed to
3

temperatures below 65°C for long time. For example, meat products kept on warming
trays before final heating or re-heating steps for longer duration has a potential for
microorganisms to develop thermo-tolerance or heat resistance. The heat shock response
and increased thermo-tolerance has been previously reported for L. monocytogenes in
ready–to-eat food products.
1.3

Mechanisms of heat stress adaptation in L. monocytogenes:
Heat treatment is necessary for control of Listeria monocytogenes in

manufactured and processed food products. According to Bunning and others (1990),
shifting bacteria from lower to higher temperatures in a short period within or slightly
above normal growth range results in acquired thermo-tolerance or protection against the
lethal effects of a subsequent shift to higher temperatures. Such thermo-tolerance is
acquired during brief incubation period at elevated but nonlethal temperatures via
induction of heat shock proteins. These heat shock proteins facilitate in recovery of stress
-induced damage. Understanding the effect of heat shock response on food safety is
critical since most food products are thermally processed to ensure safety of consumers.
Mackey and Derrick conducted studies in broth, liquid, whole egg, and reconstituted milk
with Salmonella spp. and found that marginal thermal processing treatment was
inadequate in certain aspects. Recent epidemiological outbreak of listeriosis is directly
linked to consumption of dairy and meat products. Therefore, thermal parameters of such
food products need to be re-evaluated.
Herbert and Foster (2001) observed that cell density dependent survival strategy
during the stress adaptation was an important factor as it determines the total potential
nutrients available to the population and reported that this strategy would require the
4

death of a proportion of the cells in a glucose-limited culture condition of L.
monocytogenes. They observed that the cell length was longer in exponential-phase
compared to the long-term starved cells in an electron microscope study. They used
chloramphenicol (100 μg ml −1), an inhibitor to protein synthesis, at different times in
culture medium during starvation to determine whether continued protein synthesis is
required by L. monocytogenes for starvation survival. They observed that at 37°C protein
synthesis inhibition up to 4 h after initiation of glucose limitation resulted in loss of
viable cells in 10 days, whereas addition of chloramphenicol 8 hour post-starvation no
longer had an effect on survival for up to 50 days. The alternative sigma factor, SigB, is
known to be involved in stress resistance during vegetative growth of L. monocytogenes
in a study with the null mutant of this factor. Exponential-phase cells of DES011 were
more sensitive to acid treatment compared to starved cell (Herbert and Foster 2001). The
experiments on starvation and stress resistance phenotypes of a prfA deletion mutant
showed a consistent reduction in survival during starvation of approximately 10-fold
compared to the wild type suggesting PrfA, a major regulator of virulence determinant
production in L. monocytogenes, may have a role in other cellular functions (Herbert and
Foster 2001). Deprivation of nutrients can also lead to an increase or decrease in bacterial
exopolysaccharide levels, which directly affect the stationary phase of growth. Other
physiological changes in response to starvation stress include decreased cell size,
decreased membrane fluidity, and increased protein turnover. Microorganisms in
nutritionally deficient environments likely integrate cell transformations in cellular
morphology and cell surface components also enhance bacterial adherence and may
contribute to biofilm formation.
5

Environmental stress and external factors have major impact on bacterial cells.
Some of these effects include reduction in growth rate, inhibition of growth, and cell
death. These stresses vary from use of extreme temperature, pH, osmotic pressure,
nutrients depletion, and presence of toxic or use of inhibitory compounds such as
antibiotics. Previous studies suggested that use of temperatures above the optimal
temperature required for growth was shown to produce lethal effect on the bacterial cells.
However, other studies have demonstrated that slow heating or heating for shorter
duration at temperatures above the optimal temperature required for growth was shown
induce higher levels of thermo-tolerance in bacteria (Mackey and Derrick 1986, 1987).
The mechanism behind heat adaptive response is not fully understood. Temperature shifts
may initiate a physiological cellular response as a direct response to stressful stimuli that
aids in protection of vital cellular proteins from damage and irreversible aggregation. The
bacterial stress response to heat stress consists of synthesis of heat shock proteins.
However, there is not a clear relationship between synthesis of these proteins and
induction of higher thermotolerance (Lindquist 1986; Parsell and Lindquist 1993;
Schlesinger 1986). Other mechanisms of protection are also involved in preventing
cellular proteins from damage and irreversible aggregation. Studies have shown that heat
favors the interaction of low molecular weight components and divalent cations that are
present in the heating medium with surface components of Salmonella senftenberg cells.
This interaction was shown to increase heat tolerance of the cells as well as aid in
stabilization of the outer membrane (Manas and Pagan 2005).

6

1.4

Diversity of heat stress adaptation in L. monocytogenes
Biofilm consists of a population of microbial cells growing on a surface and

enclosed in an amorphous extracellular matrix (Donlan 2002). Bacteria in biofilms have
the ability to withstand cleaning and sanitation procedures by developing resistance.
Understanding the formation of biofilms in food processing environment is very
important since it is the main source of chronic microbial contamination and may lead to
transmission of food borne illness and spoilage of food products (Stepanovic and others
2004). L. monocytogenes has been found to adhere to different surfaces and develop
resistance to different disinfectants and sanitizers. Numerous studies indicated biofilm
production and attachment on various food surfaces such as metal, glass, stainless steel
and rubber (Chae and Schraft 2000; Hood and Zottola 1997; Wong 1998). The
production of biofilms was directly correlated to the nutrient content in the medium
(Stepanovic and others 2004). The mechanism behind biofilm formation has not been
thoroughly investigated. However, it has been proposed that certain regulatory genes play
an essential role in development of biofilms in L. monocytogenes. Lemon and others
(2007) found out that prfA gene in L. monocytogenes was involved in production of
biofilms however, the mutant prfA gene was ineffective in promoting surface adherence
of biofilms. Schwab and others (2005) demonstrated that sigma factor B was not needed
for formation of biofilms however, Van der Veen and Abee (2010) suggested that sigma
factor B was essential for formation of static and continuous flow biofilms. They also
demonstrated that sigma factor B contributed to increased resistance of biofilms to
disinfectants. Further studies confirmed the role of quorum sensing in biofilm formation.
Quorum sensing was found to play a critical role in structure of biofilms in organisms
7

such as Pseudomonas aeruginosa and was shown to facilitate synthesis of catalase and
superoxide dismutase in Pseudomonas biofilms, which are essential components for
enhancing resistance to hydrogen peroxide. Other studies suggested that the luxS system
in L. monocytogenes played an essential role in formation of biofilms however, the
mutant gene was found to form denser biofilms. Previous studies demonstrated a direct
correlation between the Agr system and production of biofilms however, the results from
their study suggested that agrD mutant formed less biofilms compared to the wild type.
Biofilms exist as sessile communities that are embedded in a self- produced
extracellular matrix. Biofilms normally contain more than one bacterial species however;
biofilms can consist of one species in rare circumstances such as infections or in medical
implants. Biofilms can adhere to multiple surfaces such as medical equipment, human
intestine, and rubber conveyer belts of food processing plants. This highlights major
concerns in food safety since biofilms are harder to irradiate due to increased resistance
to sanitizers, desiccation, UV light, and antibiotics (Borucki and others 2003). According
to previous studies, EPS was found to play a critical role in formation of biofilms. There
are several factors that can contribute to the ability of bacteria to form biofilms. These
factors include characteristics of the bacterial strain, physical and chemical properties of
substrate for attachment, growth phase of bacteria, temperature, types of growth medium,
source of energy, and presence of other microorganisms (Pan and others 2006). Four
essential steps are required for the formation of biofilms. These steps consist of initial
attachment, attachment to surface, formation and maturation of biofilms, and detachment
from surface.
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1.5

Cross-resistance of heat stress adapted cells of L. monocytogenes to other
physiological stresses
Alternate sigma factor in combination with core RNA polymerase provides a

mechanism by which cellular response can be mediated via redirection of transcription
initiation (Ferreira and others 2001). The alternate sigma factors, RpoS and sigma B was
found to regulate expression of numerous genes under environmental stress conditions
upon entry into stationary phase in both Gram-positive and Gram-negative
microorganisms (Ferreira and others 2001). The role of RpoS in regulation of genes
involved in stress protection was found to be characteristic of various Gram-negative
bacteria including E.coli, Salmonella, and Yersinia spp. RpoS has also been shown to
influence cellular resistance to heat, acid, and high osmolarity in pathogenic
microorganism E. coli O157:H7. RpoS has also been linked to virulence of Salmonella.
1.5.1

Cross-resistance of heat stress adapted cells of L. monocytogenes to
disinfectants
Chemical sanitizers and disinfectants are routinely used in the food processing

plant to inactivate L. monocytogenes and other Listeria species on food contact surfaces.
Studies were conducted on the assessment of sensitivity of L. innocua cultures preexposed to acid, heat, and starvation to quaternary ammonium compounds such as
cetrimide (Moorman and others 2005). The results from this study suggested that the L.
innocua cells that were pre-exposed to acid and starvation conditions demonstrated less
sensitivity to cetrimide whereas, heat and cold stress adapted cells were shown to
demonstrate increased sensitivity to cetrimide (P <0.05). The results from this study also
suggested that increased persistence of these microorganisms within the food-processing
environment might be a direct result of these stress conditions. Enhanced sensitivity of L.
9

innocua to cetrimide after pre-exposure to heat and cold stress might indicate that these
interventions can be used to increase efficacy of the sanitation process. One of the
proposed mechanisms of adaptation to these stressors was change in membrane lipid.
This mechanism of adaptation was shown to impact the sensitivity of bacterial cells to
chemical sanitizers (Moorman and others 2008). Adaptation of acid stressed and
starvation stressed cells was shown to increase net cell hydrophobicity and decrease
membrane fluidity detected by using gas chromatography and by measuring the
absorbance of stress adapted cell suspensions after partitioning with non-polar solvent, nhexadecane. Cold stressed cells were shown to demonstrate increased membrane fluidity
and decreased net cell hydrophobicity. Although, heat adapted cells displayed increased
sensitivity towards cetrimide there was no observable change in net cell hydrophobicity
or membrane fluidity, which implies that another mode of mechanism for altered cell
sensitivity. The results from this study suggest that the efficacy of cetrimide against
Listeria is dependent on the physiological state of the microorganism after exposure to
various environmental stress conditions.
1.5.2

Cross-resistance of heat stress adapted cells of L. monocytogenes to
generally recognized as safe (GRAS) antimicrobials
L. monocytogenes poses a great challenge for food processing industries since it

can be reintroduced into the processing environment and increase post processing
contamination. According to a study conducted in Portugal, Listeria species were
recovered in 15% of the ready to eat food products and 60% from ready to eat fish
products (Al-Holy and others 2004). Thermal process in combination with inhibitory
factors can be utilized to prevent contamination of Listeria in heat labile high value food
10

products. Hurdle technology has been proposed as an acceptable method for treating
minimally processed and heat sensitive food products. Preservative factors are often
implemented in hurdle technology due to their synergetic and additive effect. However,
through knowledge is required since some combined treatments can produce antagonistic
effect if they are not carefully executed such as the use of nisin and salt. Nisin is a widely
used GRAS antimicrobial agent due to its mode of action against Gram-positive bacteria
and heat stable nature. Nisin is a heat stable bacteriocin, which is derived from certain
strains of Lactococcus lactis. Previous studies demonstrated the antimicrobial effect of
nisin against Clostridium, Bacillus, and Staphylococcus species. It has been suggested by
previous studies that mild RF heating combined with nisin treatment could lead to
reduced viability of L. innocua and total mesophilic bacteria. These findings were shown
to play a crucial role in preservation of seafood products and protection of consumers
since caviar is heat sensitive and there is a zero tolerance policy of Listeria in seafood
products. These findings also demonstrated that combination of nisin with mild RF
heating treatment at 65°C could be used to promote public health and enhance shelf
stability of perishable seafood items such as salmon and sturgeon caviar. However, more
research is required to understand the effect of RF dielectric heating in combination with
nisin on inhibiting food borne pathogenic microorganisms and their surrogates. Based on
sensory evaluation and color measurement it was confirmed that this processing
treatment could be beneficial in retaining good quality and freshness of food products.
Bhunia and others (1988) and Rodriguez and others (1997) demonstrated the antilisterial
effect of Pediocin PA-1, a bacteriocin produced by some strains of pediococci. Zhu and
others (2005) demonstrated antimicrobial effect of reuterin, a bacteriocin produced by
11

Lactococcus reuteri strains 12002 on inhibition of L. monocytogenes on raw ground pork
samples at 7°C after one week of storage (El-Ziney and others 1999). Purified sakasin P,
a bacteriocin produced by Lactobacillus sakei was shown to have listeriocidal effect in
cold chicken cut samples (Zhu and others 2005). Enteriocins have also been proposed as
an alternative method to use of traditional chemical preservatives on control of pathogens
in meat products (Leroy and others 2003). Lactate and diacetate salts have also been used
to inhibit pathogenic microorganisms in meat products. These findings have been further
confirmed by research on antimicrobial effect of sodium lactate and sodium diacetate
against L. monocytogenes and were shown to reduce growth in different ready to meat
products (Glass and others 2002; Mbandi and Shelef 2002; Samelis and others 2002;
Stekelenburg and others 2003). Trisodium phosphate was shown to have significant
inhibitory effect on chicken samples after several days of refrigeration (Capita and others
2001). Based on previous studies, short chains peptides consisting of six leucine and
eight lysine residues suspended in phosphate buffer at concentrations of 5-50μg /mL
demonstrated biocidal properties against foodborne pathogenic microorganisms such as
E. coli O157:H7, L. monocytogenes, Pseudomonas fluorescens, and Kluveromyces
marxianus (Appendini and Hotchkiss 2000). Organic acids have been extensively studied
for their antimicrobial properties against L. monocytogenes in ready to eat meat products.
Organic acids were highly effective at molar concentrations in controlling growth of
Listeria monocytogenes in the following order: citric acid > malic acid> lactic acid>
acetic acid (Samelis and others 2002). Murphy and others (2006) demonstrated
combination of organic acids and steam pasteurization on inhibition of L. monocytogenes
in fully cooked frankfurter samples. Frankfurter samples coated in solution consisting of
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2% acetic acid, 1% lactic acid, 0.1% propionic acid, and 0.1% benzoic acid prior to steam
pasteurization treatment was shown to prevent growth of L. monocytogenes for 14 weeks
at 7°C. Hurdle techniques combining nitrite and bacteriocin have also been applied on
ready to eat meat products to control the growth of L. monocytogenes. However, this
method was proven to be ineffective due to L. monocytogenes ability to withstand
refrigerator temperatures and grow in presence of reduced oxygen and resistance to salt
and nitrite compounds (Beresford and others 2001). Lauric arginate has been approved as
a GRAS antimicrobial agent within the US for certain food applications. Lauric arginate
targets the cytoplasmic membrane of microorganisms and interferes with metabolic
processes without the bacterial cell undergoing cell lysis. Several studies examined
reduction of L. monocytogenes on food contact surface using Lauric arginate (Martin and
others 2009; Taormina and Dorsa 2009). Modified atmospheric packaging (100% CO2,
80% CO2 +20% air) and nisin (103, 104 IU/mL) was shown to reduce growth of L.
monocytogenes and Pseudomonas fragi with higher inhibitory effect at 4°C (Fang and
Lin 1994). Chitosans, edible films have also been extensively studied for their wide range
of antimicrobial properties. Chitosan molecules target bacterial cells by resulting in
permeability changes, interacting with microbial DNA and RNA and protein synthesis,
and inhibiting activity of certain enzymes (Shahidi and others 1999; No and others 2007).
This antimicrobial compound is also known to act as a water and metal binding agent.
Numerous studies report the use of chitosan edible films on inhibition of growth of L.
monocytogenes in various food products such as ham, steaks, red meat and cold salmon
(Beverlya and others 2008; Ye and others 2008). Ozone has also been studied for its
broad spectrum of antimicrobial activity against bacteria, fungi, protozoa, and bacterial
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and fungal spores at low concentrations. Ozone targets cellular components such as
proteins in spore coats and capsids, unsaturated lipids, enzymes, cell membrane,
peptidoglycans, and enzymes and nucleic acids in the cytoplasm (Khadre and others
2001a, 2001b). Ozone has been suggested as the main inactivator of microorganisms,
however, other studies suggest that reactive oxygen species produced from ozone
decomposition reactions are responsible for microbiocidal action (Chang 1971; Glaze and
Kang 1989; Hunt and Marinas 1997). Ozone targets the bacterial cell by oxidizing
contents of the cellular envelope such as polyunsaturated acids, membrane bound
enzymes, glycoproteins, and glycolipids, which contribute to cell lysis or cell death
(Murray and others 1965; Scott and Lesher 1963). Rapid cell death and permeability of
the cell membrane occur following oxidation of the double bonds of unsaturated lipids
and sulfhydryl groups of enzymes by ozone (Khadre and Yousef 2001a, 2001b). Previous
studies demonstrated the effect of ozone on the bacterial spore coat. Foegeding (1985)
showed rapid inactivation of Bacillus cereus spores without coat proteins compared to
intact spores. Khadre and Yousef (2001a, 2001b) further demonstrated that treatment of
bacterial cells with aqueous ozone resulted in heavy disruption of the spore coat, which
was noted in Bacillus subtillis. Ozone was shown to act as a general protoplasmic
oxidant and kill bacteria by targeting the cellular respiratory system (Ingram and Haines
1949). Chang (1971) observed inactivation of certain enzymes by ozone due to sulfhydryl
groups in cysteine residues being oxidized. Ozone also caused in vitro modification of
nucleic acids by opening circular plasmid DNA and decreasing its transforming ability.
Ozone was shown to produce double and single strand breaks in plasmid DNA, which

14

resulted in decreased transcription (Mura and others 1990; Khadre and Yousef 2001a,
2001b).
1.5.3

Cross-resistance of heat stress adapted cells of L. monocytogenes to essential
oils
Essential oil compounds are natural substances that contribute to flavor and aroma

and have many bactericidal properties. Essential oil compounds have a wide range of
properties that include antifungal, antibacterial, and antioxidant effects (Bakkali and
others 2008). The use of natural plant extracts and their derived compounds are recently
gaining wide recognition in the food industry as an alternative strategy to prevent
contamination and future outbreaks associated with foodborne pathogenic
microorganisms. The use of natural plant extracts is highly beneficial since it provides an
alternative to use of synthetic or chemical antimicrobials, which can produce harmful
effects on human health due to its toxic nature. This strategy has also gained wide
acceptability and perception among consumers as well due to its many health benefits.
The use of grape seeds, green tea, and garlic as natural plant extract has attracted more
attention among food industrialists and consumers due to its great health benefits and
antimicrobial properties (Perumalla and Hettiarachchy 2011). Based on previous studies,
the polyphenolic and proanthocyanidin compounds commonly found in green tea and
grape seeds and allecin, the main active agent found in garlic extract were shown to
demonstrate a wide range of antimicrobial activity (Perumalla and Hettiarachchy 2011).
However, there is limited knowledge about the use of these compounds as natural
preservatives in food and their specific mechanism of inactivation.
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1.6

Standard and improved method for enrichment of heat stressed cells of L.
monocytogenes and its surrogates
L. monocytogenes routinely encounters a variety of processing treatments such as

sublethal heating, freezing, exposure to sanitizing compounds and acid. These processing
conditions can often result in injuring of the bacterial cells and its non-tolerance for
selective agents to which it normally develops resistance. Therefore, processes that
employ use of selective media is not recommended for proper recovery of injured
Listeria cells (Busch and Donnelly 1992). In order to ensure public health and food safety
more research is necessary to develop efficient procedures to recover and detect sub
lethally injured Listeria cells in food products as well as the food- processing
environment. It was shown that sub lethally injured bacterial cells were capable of
virulence and repair in food products (Busch and Donnelly 1992). Previous studies
indicated use of UVM enrichment broth of heat injured Listeria monocytogenes cells
(Bailey and others 1990). However, Busch and Donnelly failed to observe repair of heat
injured L. monocytogenes cells in UVM enrichment broth. These results from Bailey and
others (1990) study might be due to enumeration of viable counts of Listeria capable of
growth in UVM broth for 24 h enrichment and obtaining higher counts in UVM
enrichment broth than in FDA enrichment broth during 24 h period of incubation. The
differences in counts can be attributed to recovery of injured bacterial cells. The results
from this study demonstrated higher rate of growth for uninjured cells compared to
recovery of injured cells. Several methods have been proposed to improve the
experimental design of this study. Repair curves should be used to observe survival
differences of bacteria grown on selective plating medium versus non-selective plating
medium over time. Previous studies indicated that heat injured cells were added to
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enrichment medium and the survival differences based on growth in selective media was
compared to those grown in non-selective medium (Busch and Donnelly 1992). Busch
and Donnelly were able to observe differences in survival in recovery of heat injured
Listeria cells in LRB broth versus UVM broth. The difference in growth potential
demonstrated the ability of repair of heat- injured cells in LRB broth. More research is
necessary to find the role of specific components in the repair process for heat injured
Listeria cells. Based on previous research some information has been obtained about the
repair mechanism of heat injured Staphyloccocus aureus. Glucose is the primary energy
source for recovery of heat injured Staphyloccus aureus cells (Iandolo and Ordal 1966).
The results from their study demonstrated that cell wall and protein synthesis through
addition of penicillin, cycloserine, and chloramphenicol in recovery broth was not
necessary for recovering heat injured Staphyloccocus aureus cells. The results from this
study further confirmed that RNA synthesis was a possible mechanism in repair of heat
injured Staphyloccocus aureus cells and addition of actinomyosin D in medium was
found to impair the recovery of heat stressed bacterial cells. The concentration of amino
acids leaked out through damaged membranes of heat injured cells was found to play a
critical role in initiation of RNA synthesis. This study further concluded that the energy
source from glucose oxidation played a significant role in facilitating the reconstruction
of amino acids and repair of the bacterial cell membrane. Hughes and Hurst (1976)
further suggested requirement of magnesium for repair of sub lethally heat injured
Staphyloccocus aureus cells. Hurst and Hughes also examined the stability of ribosomes
of sublethally heated Staphylococcus aureus cells. Their results showed that destruction
of ribosomes took place when the cells were heated in magnesium chelating buffer
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solutions. During heating, leakage of 260nm of absorbing material was noticed and was
further confirmed to be RNA. Hughes and Hurt (1976) demonstrated that the presence of
actinomyosin was not a contributing factor to repair of injured bacterial cells and heating
cells in buffer that did not cause leakage of magnesium was shown to prevent ribosomal
destruction. Partial repair of the bacterial cells took place when the cells were in
presence of actinomyosin D. The results from this study confirmed that the effect on
ribosomes was due to loss of magnesium due to membrane damage during heating of the
bacterial cells. Other studies suggested incorporating exogenous pyruvate in repair
medium for enhanced recovery of heat stressed L. monocytogenes and Staphylococcus
aureus cells. Decreased catalyze activity and superoxide dismutase activity of injured
cells were shown to promote sensitivity of the bacterial cells to lethal effects of hydrogen
peroxide and superoxide radicals (Bakkali and others 2008). This study further confirmed
that the absence of oxygen was beneficial to recovery of the heat injured bacterial cells.
There is less information on the role of yeast extract and iron in the repair mechanism for
heat injured Listeria. However, Sword (1966) and Hao and others (1987) observed that
addition of iron was necessary for growth of L. monocytogenes. They have noticed a 50%
reduction in lethal dose of Listeria in presence of iron. Cowart and Foster (1985) further
examined the effect of iron availability on the virulence of Listeria. Their work
demonstrated the activation of redox reactions such as those catalyzed by catalase,
peroxidase, and cytochromes in presence of iron. These compounds must be supplied in
the recovery medium since they are lost during cell membrane damage from heat injury.
It is important to designate a non-enrichment step during recovery of Listeria
monocytogenes cells to prevent heat- injured cells from escaping detection. Based on
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these findings LRB medium is highly recommended for recovery of heat stressed L.
monocytogenes cells to account for repair of injured cells in food products, which raises a
major public health concern among food industrialists and consumers.
1.6.1

Standard and improved method for enumeration of heat stressed cells of L.
monocytogenes and its surrogates
A variation of chemical compounds, selective compounds, antimicrobials, and

nutritional supplements has been suggested to enhance selectivity in different media.
However, often the selective agents are known to target healthy cells while inhibiting
injured cells. Modified Oxford medium has been proposed as a selective medium for L.
monocytogenes. Van and others (1989) further confirmed this by demonstrating complete
inhibition of background microflora and detection of Listeria species colonies after 24 h
using esculin-ferric ammonium citrate as an indicator. The ingredients in this medium
consist of Columbia agar base, pantone, bitone, tryptic digest of beef heart (nitrogen
source), carbon, amino acids, vitamins, agar (solidifying agent), sodium chloride
(osmotic balance), and ferric ammonium citrate for differentiating Listeria species.
Selectivity is enhanced by presence of lithium chloride, which inhibits growth of
enterococci. Bacteria selectivity is further enhanced by adding oxford antimicrobial
supplements such as moxlactam combined with colistin methane sulfonate or colistin
sulfonate. This method of recovering bacterial cells is more reliable compared to
traditional methods of recovery since sublethal structural and physiological changes in
response to environmental stress conditions make it difficult for detecting bacterial
species (Besnard and others 2000). L. monocytogenes is constantly subjected to heat,
freezing temperature, drying, irradiation, and chemicals, which lead to its increased
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susceptibility to injury. Based on previous studies non- selective media has been
proposed over selective media for recovery of stressed and injured bacterial cells since
sublethally injured cells show reduced growth on selective media. Kang and Fung (1999)
developed the thin agar layer method for increasing selectivity and improving recovery of
injured cells. This method consists of layering solidified selective agar MOX with nonselective media and tryptic soy agar. Kang and Fung (1999) also observed resuscitation
of injured cells by diffusion of selective agents from MOX to the top layer of TSA. This
method was shown to inhibit growth of other microorganisms and produce black colonies
of L. monocytogenes after 24 h of incubation at 37°C.
1.7

Changes in growth, ultrastructure, surface properties, and cellular
morphology of heat adapted L. monocytogenes
Thermal treatment has been widely applied in the food industry to control growth

of pathogens in the food-processing environment and enhance the quality of food
products. However, based on previous studies it was found that L. monocytogenes was
able to develop high tolerance to heat and undergo changes in their growth, ultrastructure,
surface properties, and cellular structure. These changes have been observed by
transmission electron microscopy. For example, Bermudez-Aguirre and others (2011)
conducted a study on mechanisms of inactivation of L. innocua in thermally sonicated
milk using transmission electron microscopy. The results from their study demonstrated
that thermal sonicating technology causes weakening of the cell by forming cavitation in
the cellular structure. It was concluded from the study that the effects of cavitation
included disruption and breakdown of cellular materials, formation of pores, lack or
clumping of cellular material, breakdown of cell membrane, and inactivation of the target
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microorganism. Their study further concluded that transmission electron microscopy is a
valuable diagnostic tool for providing information about the cellular structure. Manas and
Pagan (2005) suggested that bacterial cells that were exposed to thermal treatments
resulted in cellular damage, loss of nutrients and ions, and cell death. Based on
observations by transmission electron microscopy it was noted that cavitation was the
main mechanism of ultrasound involved in cellular inactivation (Bermudez-Aguirre and
others 2011). Other findings suggest that heating, shear force, turbulence, and changes in
cellular membrane were secondary effects of ultrasound involved in cellular inactivation
(Villamiel and de Jong 2000). Bermudez-Aguirre and others (2011) study suggested that
transmission electron microscopy was a powerful diagnostic tool to understand the stress
mechanism, effects of environmental factors, physiological stress response, and sublethal
injuries of L. innocua cells in thermo-sonicated milk.
Transmission electron microscopy has been extensively used in research to
examine cellular morphology and ultrastructure of viruses and bacteria. L.
monocytogenes, an opportunistic pathogen has the unique ability to thrive in the foodprocessing environment and survive under harsh environmental conditions by undergoing
cellular morphology and changes in their ultrastructure, which makes it a major food
safety and health concern among food industries and consumers. Hence, it is important to
study about the stress response of L. monocytogenes. There have been some studies
published on using transmission electron microscopy to observe growth characteristics,
morphology, and surface properties of L. monocytogenes under various stress conditions.
For example, Rowan and others (2000) study demonstrated that rough cell forms of
Listeria that were isolated from clinical and food samples exhibited single or long-paired
21

filaments upon direct exposure to sublethal heating conditions. Other studies suggested
that L. innocua exposed to pulsed electrical fields exhibited cell walls with increased
roughness in texture (Calderon and others 1999). Feliciano and others (2012) found that
L. innocua showed less structural changes in comparison to E. coli upon exposure to
sanitizing solutions. This study also showed that organic based sanitizers were more
effective in inducing visual damage to the structure of E.coli cells compared to L.
innocua cells. This study also concluded that in presence of acidic sanitizers and
electrolyzed water; L. innocua showed remarkable integrity in structure and some loss in
definition in cell wall. Feng and others (2000) and Aronsson and others (2001)
demonstrated that Gram-positive bacteria are more resistant to cellular damage upon
exposure to silver ions and pulsed electrical fields compared to Gram-negative bacteria
based on transmission electron microscopic images. Sivarooban and others (2008) study
concluded that phenolic compounds combined with nisin resulted in synergistic damage
of L. monocytogenes. This treatment was found to largely affect the cellular surface and
cytoplasm. Based on results obtained from transmission electron microscopy analysis; the
study showed diffusion of phenolic compounds into cell through pore formation of L.
monocytogenes by nisin. Cheigh and others (2013) study observed effects of IPL and
UV-C treatments on solid medium and seafood using transmission electron microcopy
techniques. Based on transmission electron microscopy analysis, their study found that
there was a direct correlation between structural damage of the cell and increased pulse
number of IPL treatments. The transmission electron microscope images showed
destruction of cell wall, shrinkage of cytoplasm, and leakage of cellular contents as a
result of cells treated with 900 pulses at 1.75mj/cm2 per pulse. Their results also
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demonstrated formation of pyrimidine dimers in DNA of the target microorganism
(Rowan and others 1999; Wang and others 2005). Based on this evidence, some scientists
suggested that cell destruction and microbial activity of IPL was induced by the
absorption of UV light or pulsed light with increased energy. The results from this study
could further explain the relationship between microbial inactivation and cellular
destruction by IPL. Another study observed the stress response of E. coli under exposure
to sublethal concentrations of biocides such as trisodium phosphate, sodium hypochlorite,
and sodium nitrite using transmission electron microscopic techniques (Capita and others
2014). The findings from this study suggested that cells that were exposed to sublethal
concentrations of sodium hypochlorite exhibited cell elongation compared to non-adapted
cells. The findings also suggested that there was physical evidence of cytoplasmic
condensation and electron dense regions in the E. coli cells adapted to sodium
hypochlorite. Capita and others (2014) demonstrated that both non-adapted and adapted
E. coli cells exposed to high concentrations of sodium hypochlorite were shown to
exhibit separation of the inner and outer cellular membrane and disorganization of
cytoplasmic contents. Non-adapted cells exposed to sodium hypochlorite showed
structural changes such as coagulation of material in periphery of the cells and wide
spacing between cytoplasm and cell membrane. It can be concluded from the study that
lysis and loss of cellular integrity of E. coli cells took place upon direct exposure to
sodium hypochlorite based on transmission electron microscopy analysis. These findings
support those from previous studies where it was demonstrated that modifications in the
outer membrane was shown to play a significant role in the adaptive response of Gramnegative bacteria to antimicrobial agents (Ernst and others 2001; Sallum and Chen 2008)
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It can also be suggested that bacterial cells might undergo certain chemical modifications
such as changes in cellular hydrophobicity to repel water- soluble compounds as an
adaptive mechanism (Capita and others 2014).
Thermal treatment has been widely applied in the food industry to control growth
of pathogens in the food- processing environment and enhance the quality of food
products. However, based on previous studies it was found that Listeria was able to
develop high tolerance to heat and undergo changes in their growth, ultrastructure,
surface properties, and cellular structure. The changes have been observed through use of
transmission electron microscopy. For example, Bermudez-Aguirre and others (2011)
conducted a study on mechanisms of inactivation of L. innocua in thermally sonicated
milk using transmission electron microscopy. The results from their study demonstrated
that thermal sonicating technology causes weakening of the cell by forming cavitation in
the cellular structure. It was concluded from the study that the effects of cavitation
included disruption and breakdown of cellular materials, formation of pores, lack or
clumping of cellular material, breakdown of cell membrane, and inactivation of the target
microorganism. Manas and Pagan (2005) suggested that bacterial cells that were exposed
to thermal treatments resulted in cellular damage, loss of nutrients and ions, and cell
death. Based on observations by transmission electron microscopy it was noted that
cavitation was the main mechanism of ultrasound involved in cellular inactivation
(Bermudez-Aguirre and others 2011). Other findings suggest that heating, shear force,
turbulence, and changes in cellular membrane were secondary effects of ultrasound
involved in cellular inactivation (Villamiel and de Jong 2000).

24

CHAPTER II
TRANSMISSION ELECTRON MICROSCOPY STUDY OF LISTERIA
MONOCYTOGENES SEROTYPE 1/2A CELLS EXPOSED TO
SUBLETHAL HEAT STRESS AND CARVACROL

2.1

Introduction
Listeria monocytogenes is an intracellular, non-spore forming, aerobic, Gram-

positive pathogenic bacterium that invades the cytoplasm of living cells. Listeriosis is a
serious food borne illness caused by this pathogen, which is a major food safety and
public health concern in the United States. Those who may be at risk of this infection are
the elderly, pregnant women, newborns, people taking immuno-suppressing medication
and adults with weakened immune systems. Estimated reported case of food borne
outbreaks in 2011 stated 25% case fatality rate associated with L. monocytogenes with
504 deaths and 2518 reported cases of illness (Cartwright and others 2013). According to
Foodborne Disease Outbreak Surveillance and Centers for Disease Control and
Prevention (CDC), there were twenty- four reported listeriosis outbreaks during 19982008 responsible for 359 illnesses, 215 hospitalizations, and 38 deaths. L. monocytogenes
serotype 4b was linked to majority of the listeriosis outbreak cases. It was also known
that the ready to eat (RTE) meat products were linked to early incidence of outbreaks,
whereas sprouts and taco/nacho salads were linked to outbreaks that occurred later in the
study period. L. monocytogenes is ubiquitously distributed throughout the environment.
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L. monocytogenes is known to show remarkable resistance under food processing
conditions leading to food borne contamination.
Contamination of food products by this food borne pathogen is most prevalent
during the food processing stage. In order to adapt to various environmental stress
conditions, L. monocytogenes can undergo morphological change and develop resistance
to extreme food processing stresses. Holah and others (2002) screened ready to eat food
products for presence of L. monocytogenes over a three year period and found that
although the prevalence of this microorganism was relatively low, this microorganism
had the capacity to tolerate low temperature, wide pH range, and fluctuation of nutrients,
varying degree of moisture, industrial cleaning, and disinfection practices. It was also
known that L. monocytogenes cells that were exposed to mild stress conditions were
shown to exhibit stress adaptive responses, which further enabled them to acquire
resistance to other stress conditions (Valdramidis and others 2007).
Microorganisms exist as multi-species communities within the food environment,
which often results in stress hardening (Skandamis and others 2008). Bacteria that are
able to adapt to various environmental conditions provide valuable insight for researchers
on microbial response of unicellular organisms to environmental stress conditions. For
example, L. monocytogenes is capable of surviving on the inside and outside of the host
living cell and is known to adapt to diverse conditions. Food borne pathogenic
microorganisms must survive in food and water borne vectors in order to transmit
infection. Bacteria often encounter a series of stress conditions during the food
processing stage. For instance, during production of cheese the bacteria in raw milk
undergo certain procedures such as heat treatment and addition of salt, disinfectant
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compounds, and acid, which induce stress adaptation. Increased exposure of foodborne
pathogens to environmental stress conditions promotes increased tolerance to lethal stress
factors (Lou and Yousef 1997). Many food industries rely on hurdle technology as a
method of food preservation and consumer safety. However, repeated use of hurdle
technology may increase resistance of foodborne pathogens to subsequent treatment
procedures (Lou and Yousef 1996).
GRAS antimicrobial agents and FDA approved essential oils are becoming widely
applied in food industries as alternatives to chemical based bactericides for controlling
foodborne contamination in the food-processing environment. More industries are
choosing to opt for the green route by utilizing fewer synthetic food additives and
products with positive benefits to the environment (Burt 2004; Sacchetti and others
2005). Essential oils are aromatic and volatile liquids that are synthetically derived from
plants that possess certain antimicrobial, antifungal, and antioxidant- properties
(Cosentino and others 1999; Hyldgaard and others 2012). The biological activity of
essential oils largely depends on their chemical composition determined by plant
genotype (Celiktas and others 2007; Rota and others 2004). The efficacy of essential oils
is largely enhanced by geographical location, environmental conditions, and agronomical
practice. The composition, molecular structure, and functional group of the essential oils
were also shown to play a critical role in defining their antimicrobial properties
(Omidbeygi and others 2007). Essential oils display a wide range of antimicrobial
activities against Gram-negative and Gram- positive bacteria based on their chemical
constituents (Gill and Holley 2005). Most essential oils consist of terpenes, terpenoids
and phenol-derived aromatic. Essential oils containing high amounts of monoterpenes,
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eugenol, cinnamaldehyde, thymol, citranolle, limonene, and geraniol display a strong
anti-listerial properties. Previous studies suggested that use of essential oils derived from
botanical sources was shown to demonstrate a wide range of antimicrobial activity
against Listeria based on their chemical composition. However, other studies indicated
that most of the antimicrobial activity of essential oils could be attributed to phenolic
compounds. Purified compounds such as carvacrol, eugenol, linalool, cinnamic aldehyde,
and thymol were shown to inhibit a wide range of microorganisms. Carvacrol, an
isoprenyl phenol has been studied thoroughly for its wide range of antimicrobial
properties in food preservation (Roller and Seedhar 2002). Carvacrol targets the cellular
membrane and induces cellular disintegration. Carvacrol causes cell permeability,
leakage of inorganic ions, dissipation of pH gradients, and loss of membrane potential
(Lambert and others 2001; Ultee and others 2002). The essential oil from thymus species
ranks as one of the top ten widely used oils in food processing and pharmaceutical
applications. These oils contain large quantities of phenolic compounds known to exhibit
antimicrobial activity against virus, bacteria, foodborne pathogens, and fungi (Rasooli
and others 2006). These essential oils are also known to display antioxidant and antiinflammatory properties. Cinnamon oil and lemon oil are also known to possess a wide
range of antimicrobial properties against Gram-positive and Gram-negative bacteria.
Based on previous studies it was suggested that cinnamon was equally effective against
both Gram–positive and Gram-negative bacteria due to presence of active components
such as cinnamaldehyde and cinnamic acid. These essential oils exist as terpenoids in
nature and their antimicrobial properties are based on combination of lipophilic
properties of constituent terpenes, aqueous solubility, and potency of their functional
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groups (Elgayyar and others 2001; Knobloch and others 1989). Previous studies
demonstrated that lemon oil had higher range of antimicrobial activity against Grampositive bacteria in comparison to Gram-negative bacteria. Other studies suggested that
essential oils such as eugenol, derived from compounds with phenolic structures were
highly effective against Gram-positive and Gram-negative bacteria (Gupta and others
2008). However, there is limited knowledge about the antimicrobial properties of the
individual components of essential oils and the use of essential oils as natural food
preservatives (Delaquis and others 2002).
Many of the recent outbreaks of Listeriosis have been linked to consumption of
smoked mussels, deli meat, hot dogs, and corn salad. Listeriosis has been associated with
less than 1% reported cases of food borne illness but 28% deaths in the United States
(Pan and others 2006). Therefore, there is a zero-tolerance policy for L. monocytogenes in
ready-to-eat foods in the United States. Normally food industries use several food
preservatives including salt, brine, altered pH, heat, high hydrostatic pressure, ionizing
radiation, pulsed electric fields, and UV irradiation to kill foodborne pathogens (Agoston
and others 2009). However, microbes are able to develop pathways in order to survive
these and other stress factors (Suzina and others 2004). For example, based on previous
studies it was demonstrated that sublethal heat stressed cells of L. monocytogenes were
able to show increased resistance to lethal carvacol concentration (30 mg/L). These heatadapted cells survived by 2 log CFU/mL more in lethal concentration of carvacol
compared to non-heat adapted cells (Jangam 2013). Previous studies on mechanism of
microbial inactivation by carvacrol illustrated that heat shock at sublethal temperature
induced cross-resistance to carvacrol. This may be due to the induction of heat shock
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proteins in response to carvacrol treatment (Burt 2004). Further studies showed that heat
shocked cells demonstrated increased resistance to carvacrol treatment. There are several
pathways by which microbes develop resistance to stress factors. These include major
changes in the intracellular and extracellular structural features of microbial cells. The
objective of this study was to use transmission electron microscopy to investigate the
morphological changes that occurred in L. monocytogenes serotype 1/2a cells after
exposure to a sublethal heat stress at 48°C and in combination with lethal concentration
of carvacrol.
2.2
2.2.1

Materials and methods
Bacterial strains and growth conditions
Frozen stock cultures of L. monocytogenes serotype 1/2a strains were stored at

4°C in tryptic soy slants supplemented with 0.6% of yeast extract. Nine milliliters of
TSBYE-broth supplemented with 0.6% of yeast extract was inoculated with one loopful
of L. monocytogenes frozen stock culture using sterile disposable pipettes and incubated
overnight in a 37°C shaker (C24 Classic series incubator shaker, New Brunswick
Scientific, Inc., Edison, NJ, USA) to obtain a stationary phase culture.
2.2.2

Sublethal heat stress of L. monocytogenes serotype 1/2a cells
In this assay, L. monocytogenes serotype 1/2a were exposed to sublethal heat at

48°C for 60 minutes. The water bath shaker (Reciprocal water bath shaker, model R76,
New Brunswick Scientific, Inc., Edison, NJ, USA) was used for heating 9mL of L.
monocytogenes suspension at 48°C in 15 mL tubes. Extra measures were taken to assure
aseptic transferring of the inoculum into the heated broth and proper use of serological
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pipettes for mixing the samples to avoid cross contamination of the samples. Nonadapted cells of L. monocytogenes were kept at room temperature for 60 minutes prior to
lethal exposure to 428 ppm of carvacrol.
2.2.3

Carvacrol treatment after sublethal heat stress of L. monocytogenes
serotype 1/2a cells
Heat stressed adapted cells and non-adapted cells of L. monocytogenes serotype

1/2a exposed to lethal concentration of carvacrol (428 ppm) for 30 minutes were
observed at room temperature (Jangam, 2013). Carvacrol was obtained from Sigma
Aldrich (St. Louis, MO). The carvacrol stock solution was prepared by diluting (50:50) in
polyethylene glycol. One percent of the stock solution was prepared by dissolving 200uL
of the initially prepared carvacrol stock solution into 10mL of TSBYE broth. In order to
prepare 428ppm of carvacrol, 428uL of 1% carvacrol was added to 8.6uL of TSBYE
broth. Then 900uL of these stock solutions were kept at room temperature in 1.5mL
eppendorf tubes prior to lethal exposure. The cells were then inoculated into 428ppm of
carvacrol for 30 minutes at room temperature for lethal exposure. All experiments were
repeated twice. The carvacrol lethal treatment flowchart is shown in Figure 2.1.
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Figure 2.1

2.2.4

Schematic flow chart of protocols for exposure of L. monocytogenes cells
to sublethal heat stress followed by carvacrol treatment.

TEM sample preparation
Transmission electron microscopy (TEM) provides a huge improvement in image

resolution of biological samples by replacing wavelength of regular light rays with an
electron beam that has a wavelength of approximately 0.005 nm. The overall principle of
TEM technique used was to fix the sample chemically and then thinly slice the sample until it
was electron transparent. It is critical that TEM method for L. monocytogenes should

satisfy at least four basic requirements: (1) to avoid collapse of the structures in the
vacuum of the TEM; (2) Sample should be sufficiently thin to avoid multiple scattering
of electrons; (3) to reduce the structural alterations as a consequence of the damage by
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the electron beam and (4) to maximize the contrast in the resolution band in the area of
interest.
The detail mechanism of working with TEM for biological samples has been
established by previous studies. Normally about 1000 times higher resolution of the
transmission electron microscope (TEM), compared with the light microscope provides
very high resolution to see the ultrastructure of L. monocytogenes. Subcellular structures
of L. monocytogenes are not usually visible under the light microscope since their largest
dimension is smaller than 0.2 μm. Electron beam is accelerated under vacuum through a
voltage of 40 to 100 kV for biological work, and goes through magnetic fields, function
as lenses, generated by solenoids that helps in focusing the electron beam. Electron
beams are not suitable to penetrate through matter, and therefore only the thinnest
possible sections of the specimens kept under high vacuum are suitable for imaging with
TEM. Such process requires considerable challenge in the preparation of the samples of
L. monocytogenes in this research. The schematic flow chart of specimen preparation for
transmission electron microscopy is shown in Figure 2.2. The overall process could
broadly be divided into the following steps:
2.2.4.1

Fixation
Fixation is usually the first step in a multistep process to prepare a sample for

microscopically analysis of biological samples. Fixative preserves cells from decay and
improves the mechanical strength or stability of the treated tissues without significantly
changing their morphology. Chemical fixation process preserves the structure and
morphology of L. monocytogenes throughout the harsh treatment for TEM study of
dehydration, clearing, embedding, sectioning and staining.
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2.2.4.2

Primary Fixation
The primary fixation of L. monocytogenes cells was accomplished by suspending

the cells in fixative consisting of 2.5% (vol/vol) of glutaraldehyde in 0.1M sodium
cacodylate buffer solution. The pelleted cells were then kept at 4°C for one hour prior to
centrifugation. The cells were then harvested by centrifugation at 10,000rpm X g for 5
minutes at 4°C. An increase in temperature can increase the rate of fixation but can also
increase the rate of autolysis.
2.2.4.3

Rinse
The pelleted cells were then washed three times with 0.1M sodium cacodylate

buffer solution. Every time before rinsing, the cells were harvested through
centrifugation at 10,000rpm X g for 5 minutes at 4°C.
2.2.4.4

Secondary Fixation
The pelleted cells were then fixed with secondary fixation using 2% Osmium

tetroxide in 0.1M sodium cacodylate buffer solution (OT) for 3 hours at room
temperature. The OT solution is generally used as the post fixative in TEM methods. It
has been suggested that OT solution helps in the fixation of lipid constituents and its
effects on imparting of electrons to the sample (Santhana and others 2007). We modified
the standard preparation of OT solution by changing its dilution to 2% and duration of the
exposure time to3 hours to get the best resolution.
2.2.4.5

Dehydration
Dehydration procedure removes liquids from the samples avoiding surface

tension effects (drying artifacts) without allowing a liquid/gas interface to develop. The
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transition from liquid to gas at the critical point takes place without an interface because
the densities of liquid and gas are equal at this point. The dehydrating agent that was used
in the method was ethanol. The boiling point of ethanol is around 780C. Consequently,
there may be some existence of residual ethanol in the specimen during overnight
embedding at 60ºC for the TEM sample. Sometimes the residual ethanol might inhibit the
speed of resin polymerization, resulting in a soft block (Santhana and others, 2007). The
cells were first stained enbloc with 0.5% (vol/vol) uranyl acetate and dehydrated in a
gradient series for five minutes by soaking in each of the following solutions: 30%
ethanol, 40% ethanol, 50% ethanol, 70% ethanol, 80% ethanol, 95% ethanol and 100%
ethanol (twice). The overall method of TEM was followed as per a standard procedure
(Capita and others 2014).
2.2.4.6

Infiltration
The next step consisted of infiltration in which the cells were infiltrated with

ethanol Spurr resin (50:50 vol/vol) and embedded in Spurr. Infiltration by embedding the
bacterial samples in Spurr resin were done as follows: 15 min. in 1: 1 ethanol/resin, 30
min. in 1:2 ethanol/resin, and 60 min. in 100% resin.
2.2.4.7

Polymerization
The embedded bacteria samples were then placed in the molding covered with

100% resin and baked overnight at 700 C using an IsoTemp oven.
2.2.4.8

Sectioning
The blocks embedded with the samples were sectioned individually into thin

sections of 500 nm using an ultramicrotome machine with diamond knife. First, the
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blocks were cut into thick sections (0.5-1 micrometer). Then using a fine blade the thick
blocks were re trimmed into pyramid shape by hand. Then individual blocks were
sectioned into very thin sections using the ultra-microtome machine.
2.2.4.9

Use of heavy metal stains
The sections were then stained with heavy metal stains individually using 3%

(wt/vol) uranyl acetate for 30 minutes followed by 0.2% lead citrate for 5 minutes at
room temperature.
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Figure 2.2

Schematic flow chart of specimen preparation for transmission electron
microscopy.
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2.2.4.10

Viewing and recording the results

The L. monocytogenes cells were then examined under a transmission electron
microscope for morphological and ultra-structural changes as a direct response to various
stress conditions. Resolution of the image in TEM is significantly depended on contrast
and normally not by TEM resolving power. Contrast of the image is depended by the
nature of the biological samples and interaction of the electron beam with the specimen
(Santhana and others 2007). The efficiency in contrast is based on the relative
differences in intensity between an image and its surroundings. It is also depended on the
relative differences of the grey value of the image. This grey value sometimes referred
as the intensity of the pixel. It has been suggested that the amount of contrast that occurs
at any particular specimen point is depended on the sample’s density and overall
thickness and is relatively independent of the atomic number, chemical composition or
other specimen properties. Sample preparation of L. monocytogenes cells for TEM aims
at bringing the sample into a suitable size (<500 nm thick, accommodated on a 3 mm
diameter, round sample carrier) and to strengthen these samples against the adverse
conditions in the electron microscope beam damage and vacuum. The images of L.
monocytogenes’ samples are produced by the TEM are inherently of very low contrast,
since organic matter is made of relatively light atoms of carbon, oxygen and hydrogen,
that have low electron scattering power. Energy spread in the electron beam, which can
be caused by the samples may also introduces sometime chromatic aberration.
2.2.4.11

Safety precaution

The specimens for TEM study are concentrated suspensions of L. monocytogenes,
which can be highly infectious. All manipulations therefore were done under an adequate
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biosafety level laboratory. Sometimes the bacteria are not completely inactivated
sometimes even after being subjected to the vacuum and electron beam of TEM. So the
sample and specimen holder must be disposed of and decontaminated, respectively. To
inactivate treatment with fixative before or after adsorption to the grid will be helpful
because this does not cause any significant change in their morphology (without
significantly changing their morphology (Hazelton and Gelderblom 2003).
2.3

Results and Discussion
Essential oils have gained considerable attention due to their antimicrobial

activity. Essential oils such as thyme oil, clove oil, oregano oil have antimicrobial
activity, which is primarily due to the presence of phenolic compounds (Tsao and Zhou
2000). One of such phenolic compound is carvacrol, which is a monoterpenoid phenol.
Carvacrol is an antimicrobial compound, which is found in oregano oil and thyme oil. In
most cases, the hydrophobicity, which is related to the partitioning behavior of the
lipophilic compounds in octanol/water, is believed to be the inhibitory action of essential
oils (Ben Arfa and others 2006). Carvacrol having high octanol/water partition coefficient
of 3.52, is an efficient antimicrobial compound.
Carvacrol has a phenolic OH group bonded to the benzene ring (Figure 2.3). This
hydroxyl group is believed to be a key component on microbial growth inhibition.
Although, the complex mechanism involving the mode of action of hydroxyl group on
antimicrobial activity is beyond the scope of this research, it has been shown that
delocalization of the electron system which causes the hydroxyl group to release its
proton, allows the compound accumulation into the cell membrane.
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Figure 2.3

Chemical structure of carvacrol

Essential oils and their components are known to display a wide variety of
antimicrobial activity against cellular targets such as the membrane and cytoplasm. They
are also known to completely alter the morphology of cells. The objective of this study
was to use transmission electron microscopy to investigate the morphological changes
that occurred in L. monocytogenes serotype 1/2a cells after exposure to a sublethal heat
stress at 48°C and in combination with a lethal concentration of carvacrol.
Various morphological changes in L. monocytogenes serotype 1/2a cells when
exposed to sublethal heat stress alone or in combination with lethal concentration of
carvacrol are summarized in Table 2.1. These morphological changes in L.
monocytogenes were classified into changes occurring in the cell membrane, cytoplasm,
cell surface, and cell wall.
2.3.1

Transmission electron microphotographs of L. monocytogenes serotype 1/2a
cells prior to exposure to a sublethal heat stress and lethal treatment with
carvacrol
Under the control non-stress conditions, L. monocytogenes cells were normal and

healthy without any cellular damage (Fig. 2.4). No morphological changes such as loss of
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cell wall, pore formation or disorganization of cytoplasm were observed in these cells
(Table 2.1).
2.3.2

Transmission electron microphotographs of L. monocytogenes serotype 1/2a
cells after exposure to carvacrol treatment
Transmission electron microscopy images of L. monocytogenes serotype 1/2a

cells grown at 37°C after exposure to lethal concentration of carvacol at 428 ppm for 1 h
are shown in figures 2.5-2.10. In the presence of lethal concentration of carvacrol, L.
monocytogenes cells exhibited significant morphological changes including disruption of
cell membrane (Fig 2.10), loss of cytoplasm (Fig 2.8), and thickening of cell membrane
(Fig. 2.6). In some cases, the cells were filamentous (Fig. 2.5) or the cell membrane was
distorted (Fig. 2.10) and the cytoplasm was clumped (Fig.2.8) under these conditions.
The formation of filamentous cell membrane was only observed in cells grown at 37°C
after 30 min exposure to lethal treatment with carvacrol (Table 2.1).
2.3.3

Transmission electron microphotographs of L. monocytogenes serotype 1/2a
cells after exposure to sublethal heat stress
Transmission electron microscopy images of L. monocytogenes serotype 1/2a

cells after exposure to sublethal heat stress at 48°C for 1 h are shown in figures 2.11-2.13.
Compared to the non-heat stressed cells, exposure of L. monocytogenes to sublethal heat
stress of 48°C for 1 h showed several cellular changes when viewed under a transmission
electron microscope. Under these conditions, distinct morphological changes were
observed in L. monocytogenes cells, which include cavity formation (Fig. 2.11), clumping
of the cytoplasm (Fig. 2.13), and the formation of filamentous cell membrane (Fig. 2.12).
Majority of these cells exhibited some form of cellular distortion and cellular damage
41

(Fig. 2.12). One of the key differences for cells grown at 37°C after 1 h exposure to
sublethal heat stress at 48°C is cavity formation. This morphological change was not
observed in other treatment conditions (Table 2.1).
2.3.4

Transmission electron microphotographs of L. monocytogenes serotype 1/2a
cells after exposure to sublethal heat stress followed by carvacrol treatment
Transmission electron microscopy images of L. monocytogenes serotype 1/2a

cells after exposure a sublethal heat stress at 48°C/1 h followed by lethal treatment with
carvacrol at 428 ppm/30 min are shown in figures 2.14-2.21. These cells exhibited
distinct morphological changes including cell wall damage (Fig. 2.15), loss of cell wall in
some cases (Fig. 2.20, 2.21) or thickening of cell wall (Fig.2. 19) or appearance of a
rough texture of cell wall (Fig. 2.19). Apart from the modification of the cell wall, there
were also significant morphological changes in the cell membrane and cytoplasm of L.
monocytogenes cells. There was a thickening of cell membrane (Fig. 2.16), cell
membrane disintegration or cell membrane disruption (Fig. 2.21) in L. monocytogenes
cells under these stress conditions. Other significant morphological changes include
cellular disintegration (Fig. 2.15), pore formation (Fig. 2.15) and clumping of cytoplasm
(Fig. 2.18) in L. monocytogenes cells subjected to a sublethal heat stress and lethal
carvacrol treatment. Also, the cell division was frequently observed in L. monocytogenes
cells under these stress conditions tested. A series of morphological changes such as loss
of cell wall, pore formation, disorganization of cytoplasm and damage to cell surface
were observed when the cells were exposed to carvacrol after pre-exposure to sublethal
heat at 48°C (Table 2.1).
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48°C/60 min +
30 min Carvacrol

Extracellular

Pore formation (PF)

-

-

-

+

Extracellular

Lack of cell wall

-

-

-

+

-

+

-

+

-

+

-

+

-

+

-

+

Changes in
Cellular

Cell Morphology

Location

37°C/60 min +
30 min Carvacrol

48°C/60 min (Control)

Summary of morphological changes in L. monocytogenes serotype 1/2a
cells when exposed to sublethal heat stress and in combination with lethal
concentration of carvacrol.
37°C/60 min (Control)

Table 2.1

(LCW)
Extracellular

Disruption of cell
membrane
(DCM)

Extracellular

Lack of cell membrane
(LCM)

Extracellular

Cell membrane thickness
(CMT)

Intracellular

Cell division (CD)

+

+

+

+

Intracellular

Cytoplasmic clumping

-

+

+

+

(CCP)
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Table 2.1 (continued)
Intracellular

Disorganization of

-

-

-

+

cytoplasm (DCP)
Intracellular

Lack of cytoplasm (LCP)

-

+

+

+

Extracellular

Membrane bleb (MB)

-

+

-

+

Extracellular

Filamentous membrane

-

+

-

-

-

-

-

+

(FM)
Extracellular

Damage to cell surface
(DCS)

Extracellular

Cell wall thinning (CWT)

-

-

-

+

Extracellular

Blurry cell wall (BCW)

-

-

+

+

Extracellular

Cavity formation (CF)

-

-

+

-

Extracellular

Cell wall roughness

-

-

+

+

(CWR)
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Figure 2.4

Transmission electron micrograph of untreated control cells of Listeria
monocytogenes serotype 1/2a.

These cells are normal, healthy without any pore formation, cell wall damage or cellular
disintegration.
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Figure 2.5

Transmission electron micrograph of Listeria monocytogenes serotype 1/2a
cells after exposure to 428 ppm of carvacrol for 30 min at room
temperature.

These cells are extended and show formation of filamentous membrane (FM).
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Figure 2.6

Transmission electron micrograph of Listeria monocytogenes serotype 1/2a
cells after exposure to 428 ppm of carvacrol for 30 min at room
temperature.

These cells show increased thickness of cell wall (CWT) and cell membrane (CMT).
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Figure 2.7

Transmission electron micrograph of Listeria monocytogenes serotype 1/2a
cells after exposure to 428 ppm of carvacrol for 30 min at room
temperature.

These cells are undergoing cell division (CD).
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Figure 2.8

Transmission electron micrograph of Listeria monocytogenes serotype 1/2a
cells after exposure to 428 ppm of carvacrol for 30 min at room
temperature.

These cells show clumping of the cytoplasm (CCP) or lack of cytoplasm (LCP).
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Figure 2.9

Transmission electron micrograph of Listeria monocytogenes serotype 1/2a
cells after exposure to 428 ppm of carvacrol for 30 min at room
temperature.

These cells show leakage or loss of cytoplasm (LCP) and membrane bleb formation
(MB).
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Figure 2.10

Transmission electron micrograph of Listeria monocytogenes serotype 1/2a
cells after exposure to 428 ppm of carvacrol for 30 min at room
temperature.

These cells show loss of cell wall integrity (LCW) and disintegration of cell membrane
(DCM).
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Figure 2.11

Transmission electron micrograph of Listeria monocytogenes serotype 1/2a
cells after exposure to sublethal heat stress at 48°C for 60 min.

These cells show leakage or loss of cytoplasm (LCP), thickening of cell wall (CWT), and
cavity formation (CF).
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Figure 2.12

Transmission electron micrograph of Listeria monocytogenes serotype 1/2a
cells after exposure to sublethal heat stress at 48°C for 60 min.

These cells show thickening of cell wall (CWT), cell wall damage (DCW) and
filamentous membrane formation (FM).
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Figure 2.13

Transmission electron micrograph of Listeria monocytogenes serotype 1/2a
cells after exposure to sublethal heat stress at 48°C for 60 min.

These cells show clumping of cytoplasm (CCP).
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Figure 2.14

Transmission electron micrograph of Listeria monocytogenes serotype 1/2a
cells after exposure to sublethal heat stress at 48°C for 60 min and then
exposed to 428 ppm of carvacrol for 30 min at room temperature.

These cells show clumping of cytoplasm (CCP), thickening of cell wall (CWT) and
membrane bleb formation (MB).
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Figure 2.15

Transmission electron micrograph of Listeria monocytogenes serotype 1/2a
cells after exposure to sublethal heat stress at 48°C for 60 min and then
exposed to 428 ppm of carvacrol for 30 min at room temperature.

These cells show pore formation (PF), cell wall damage (CWD) and cellular
disintegration (DC).
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Figure 2.16

Transmission electron micrograph of Listeria monocytogenes serotype 1/2a
cells after exposure to sublethal heat stress at 48°C for 60 min and then
exposed to 428 ppm of carvacrol for 30 min at room temperature.

These cells show thickness of the cell membrane (CMT) and cell wall (CWT).
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Figure 2.17

Transmission electron micrograph of Listeria monocytogenes serotype 1/2a
cells after exposure to sublethal heat stress at 48°C for 60 min and then
exposed to 428 ppm of carvacrol for 30 min at room temperature.

These cells show cytoplasm leakage (CL) and pore formation (PF).
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Figure 2.18

Transmission electron micrograph of Listeria monocytogenes serotype 1/2a
cells after exposure to sublethal heat stress at 48°C for 60 min and then
exposed to 428 ppm of carvacrol for 30 min at room temperature

These cells show clumping of cytoplasm (CCP), pore formation (PF) and disintegration
of cytoplasm (DCP).
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Figure 2.19

Transmission electron micrograph of Listeria monocytogenes serotype 1/2a
cells after exposure to sublethal heat stress at 48°C for 60 min and then
exposed to 428 ppm of carvacrol for 30 min at room temperature.

These cells show thickening of cell membrane (CMT) and rough texture of cell wall
(CWR).
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Figure 2.20

Transmission electron micrograph of Listeria monocytogenes serotype 1/2a
cells after exposure to sublethal heat stress at 48°C for 60 min and then
exposed to 428 ppm of carvacrol for 30 min at room temperature.

These cells show clumping of cytoplasm (CCP), pore formation (PF) and disintegration
of cytoplasm (DCP). These cells show loss of cell wall (LCW) and clumping of
cytoplasm (CCP).
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Figure 2.21

Transmission electron micrograph of Listeria monocytogenes serotype 1/2a
cells after exposure to sublethal heat stress at 48°C for 60 min and then
exposed to 428 ppm of carvacrol for 30 min at room temperature.

These cells show lack of cell wall integrity (LCW), loss of cell membrane (LCM), and
damage to the cell membrane (DCM).
Previous studies documented that transmission electron microscope (TEM) is a
powerful tool for investigation on L. monocytogenes (Sivarooban and others 2008). The
use of TEM allows the achievement of a resolution of about 0.2 nm that can be used to
study cellular structure providing detailed morphological and internal structural changes
of L. monocytogenes cells with reference to the control and activities of the antimicrobial
compounds at different temperatures on the development of the microbes. It is important
to note that TEM uses a sectioning procedure and thus provides the images from different
layers of the cells compared to SEM and bright field light microscope methods where the
images are documented from the whole cell surfaces. The overall morphological changes
in L. monocytogenes cells in the presence of carvacrol with and without heat stress could
be broadly discussed under the following changes.
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2.3.5

Cell Morphology
TEM results revealed that two distinct morphological patterns of coccoid and

elongated rod shaped L. monocytogenes cells that were present in both the control and
treatment. These results were consistent with several previous reports (Miladi and others
2013). One study showed that such change from rod shape to coccid shape was a
previous adaptation strategy used by these microorganisms for enhanced survival under
various stress conditions (Tangwatcharin and others 2006). Starvation and synthesis of
stress- associated proteins were suggested to induce formation of cocci shaped L.
monocytogenes cells (Markova and others 2010). It has also been suggested that
formation of cocci shaped cells were linked to cell shrinkage and cytoplasmic
condensation. Previous studies documented that cell elongation might occur as a direct
response to heat shock (Van derVeen and others 2007).
2.3.6

Cell membrane
Results from the TEM micrographs revealed the presence of some white spots

(pore formation) in the cells treated with carvacrol after pre-exposure to thermal
treatments at 37°C for 60 minutes and 48°C for 60mins. The white spots might be a direct
consequence of loss of cellular contents and cell wall division septa.
2.3.7

Cytoplasmic condensation
Cytoplasmic condensation was shown to play a significant role in low water

activity, decreased cell volume, and decreased water content. Cytoplasmic condensation
and cell shrinkage was also shown to lead to formation of a textured surface. The
antibacterial effects were attributed to the ability of carvacrol to interact with the lipid
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bilayer of the cytoplasmic membrane resulting in expansion and destabilization of the
membrane structure and increased fluidity and permeability of the bacterial cells (La
Storia and others 2011; Nostro and Papalia 2012). It was also shown to alter the fatty acid
composition of cytoplasmic membrane in some microorganisms at sublethal
concentrations.
2.3.8

Effect of carvacrol on cellular structures
Based on previous studies, it can be noted that essential oils function by targeting

cellular membrane and the cytoplasm of bacterial cells. It was also suggested from other
studies that rod shaped cells such, as Listeria were more sensitive to treatment with
essential oils compared to coccoid shaped microorganisms. Carvacrol, one of the
essential oils used in the study is known to target both the cellular- membrane in gramnegative cells and the cytoplasmic membrane in gram- positive cells. However, it was
shown that gram- negative cells were more resistant to carvacrol treatment compared to
gram- positive cells (Burt 2004). In case of gram- positive cells such as Listeria, exposure
to carvacrol treatment was shown to induce less rough but bumpier cell wall textural
appearance. In addition to these morphological changes, carvacrol was also shown to
induce non-specific permeability of cytoplasmic membrane, inhibition of motility, and
increase in roughness of cell texture. Other studies indicated that lower pH was shown to
result in increased hydrophobicity and lower dissipation of carvacrol leading to better
dissolution in lipid phase of cell membranes (Juven and others 1994). Although, little is
known about the mode of microbial inactivation and resistance to carvacrol, it can be
suggested that cell envelope is a major target of carvacrol. Previous studies using atomic
force microscopy on B. cereus revealed that carvacrol targets and disintegrates the cell
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envelope (La Storia and others 2011; Nostro and Papalia 2012). They also observed that
carvacrol leads to decreased cell length, size, and diameter. The mechanism of
inactivation can be directly linked to the cell envelope and ability of carvacrol to
permeate and depolarize the cell membrane (Ben Arfa and others 2006; Cristani and
others 2007; Ultee and others 2002). Ait-Ouazzou and others (2011) was the first to
observe sublethal damage in cell envelopes by carvacrol. Other studies proposed that
microbial inactivation occurred as a result of damage by carvacrol that first took place in
the outer membrane of the cell than later on the cytoplasm (Ait-Ouazzou and others 2012;
Dubois- Brissonnet and others 2011). Some authors suggested that cross resistance to
carvacrol resulted in alteration of fatty acid composition and induction of heat shock
proteins however, there is less known about the stresses inducing cross resistance to
carvacrol. Perhaps the mode of inactivation by carvacrol can be attributed to a variety of
factors such as pH of treatment medium, type of microbial specimen, and presence of
outer membrane. Previous studies demonstrated that microbial inactivation took place at
lower pH due to the chemical properties of carvacrol and that structural change by
carvacrol were varied based on the pH of the treatment medium. Based on these results,
it can be suggested that further research on microbial targets of carvacrol can be useful
for obtaining a synergistic effect by designing effective hurdle and food preservation
technologies that affect damaged cell structures.
2.4

Summary and Conclusions
This study has revealed the potential use of transmission electron microscope as a

tool for observing the various morphological changes in microorganisms as a result of
their survival mechanism against the effects of sublethal heat stress and lethal
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concentration of carvacrol. The results from the transmission electron micrographs
revealed that L. monocytogenes cells, which were exposed to sublethal heat stress, with
and without post-thermal exposure to lethal carvacrol treatment adapted by altering the
morphology of their cellular structures. Some of the major morphological changes in L.
monocytogenes cells treated with 428 ppm of carvacrol include disruption of cell
membrane, loss of cell membrane, filamentous cell membrane, loss of cytoplasm, and
clumping of cytoplasm. On the contrary, cells that were grown at 37°C after 1 h exposure
to sublethal heat stress at 48°C exhibited distinct morphological patterns such as cavity
formation and thickness of the cell wall. L. monocytogenes cells that were grown at 37°C
after 1 h exposure to sublethal heat stress at 48°C followed by 30 min lethal treatment
with carvacrol mostly showed damage to the cell wall and cellular surface. These
morphological changes were primarily related to cell wall such as thinning of cell wall,
roughness of cell wall, loss of cell wall, and pore formation on the cellular surface.
Further studies will investigate the effect of increased exposure time to lethal treatment
with carvacrol on the ultrastructure of L. monocytogenes serotype 1/2a cells. Also, other
essential oils and common disinfectants will be tested to understand the stress adaptation
and survival mechanisms of L. monocytogenes at the cellular level.
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